Introduction
============

The synthesis and applications of triarylboranes have increased tremendously in the last few decades.[@cit1]--[@cit9] In order for the three-coordinate boron moiety to function as a strong π-electron acceptor (A) due to its vacant p*~z~*-orbital, the trigonal-planar geometry of the boron atom must be maintained, as its strong Lewis acidity can otherwise lead to binding of Lewis bases and/or hydrolytic decomposition. This can be accomplished by the use of sterically demanding substituents, such as mesityl (Mes) or 2,4,6-(CF~3~)~3~C~6~H~2~ (^F^Mes),[@cit10],[@cit11] or by physical constraint, *via* incorporation in a rigid, planar structure.[@cit12] While the latter strategy prevents the formation of a four-coordinate boron species by inhibiting structural deformation, the former builds a propeller-like structure around the empty p~*z*~-orbital and obstructs the attack of nucleophiles, such as water, *via* the formation of a protective cage. Only small anions, such as fluoride and cyanide, can overcome the steric bulk and bind to the free p~*z*~-orbital at the boron.[@cit13]--[@cit15] For this reason, triarylborane acceptors are often used as selective F^--^ and CN^--^ sensors.[@cit16]--[@cit18] Three-coordinate boron species are also applied as emitting/electron transporting materials[@cit19]--[@cit31] in organic light emitting diodes,[@cit32] and redox-active materials.[@cit33]--[@cit37] Furthermore, the electron deficiency of BAr~3~ acceptor units make them especially useful in intramolecular charge transfer compounds, when conjugated to a π-donor (D) moiety.[@cit38]--[@cit46] As excitation induced charge transfer properties increase the two-photon absorption (TPA) probability, triarylborane acceptors have great potential for use in TPA and for two-photon excited fluorescence (TPEF).[@cit47],[@cit48]

TPA is the simultaneous absorption of two photons *via* a virtual state, which is proportional to the square of the light intensity, whereas one-photon absorption is a linear process obeying Beer\'s Law.[@cit49]--[@cit53] For this reason, two-photon absorption enables excitation of molecules within a very small volume (∼femto liter) at the focus of a laser beam, which is useful for many applications. There is thus a strong demand for efficient two-photon absorption dyes for microfabrication,[@cit54]--[@cit57] three-dimensional data-storage,[@cit58]--[@cit60] optical power limiting,[@cit61]--[@cit63] laser up-conversion,[@cit64],[@cit65] photodynamic therapy[@cit66],[@cit67] and biological imaging.[@cit47],[@cit68]--[@cit70] Especially for the latter application, relatively few small organic molecules have been studied, as they need to be highly specific for their biological target, highly photostable, water-stable and at least somewhat water-soluble to stain cells and tissues. In addition, the two-photon brightness (*σ*~2~*Φ*~f~), where *σ*~2~ is the two-photon absorption cross-section (comparable to an extinction coefficient) in GM and *Φ*~f~ is the fluorescence quantum yield, should be at least 50 GM to observe bright two-photon microscope images.[@cit47] Such probes have been applied as sensors of biomolecules (*e.g.* ions, reactive oxygen species (ROS), reactive sulphur species (RSS) and reactive nitrogen species (RNS)) and changes inside cells (pH, viscosity and polarity).[@cit71],[@cit72] However, two-photon dyes for monitoring and visualizing mitochondria and lysosomes are still limited.

Lysosomes are acidic (pH 4.5--5.0) organelles in eukaryotic cells and are responsible for intracellular digestion degradation, secretion, plasma membrane repair, cell signalling, energy metabolism and endocrine regulation.[@cit73],[@cit74] Lysosomes are filled with more than 60 enzymes, the synthesis of which is controlled by nuclear genes. Mutations of these genes lead to lysosomal storage diseases, such as neurodegenerative disorders, *e.g.* Parkinson\'s disease and Alzheimer\'s disease, cardiovascular diseases and cancer.[@cit75] As they are acidic organelles, usually organic bases, such as morpholine, pyridine and dimethylamino groups, lead to accumulation in lysosomes. These terminal groups are typically attached to common dyes, such as naphthalene,[@cit76]--[@cit79] 1,8-naphthalimide,[@cit80]--[@cit88] indole,[@cit89] coumarin,[@cit90] chromene[@cit91] and fluorenone.[@cit92] Most of them are lysosome trackers,[@cit76],[@cit77],[@cit85],[@cit91],[@cit92] while others can sense Zn^2+^,[@cit81] HClO,[@cit79],[@cit82] H~2~S,[@cit86],[@cit89] thiols,[@cit83] NO,[@cit80] β-galactosidase,[@cit88] pH[@cit78],[@cit84],[@cit87] or polarity[@cit90] within the lysosome. While all of the above-mentioned dyes are dipolar, quadrupolar chromophores for two-photon imaging of lysosomes are rare. It should be noted that efficient two-photon absorbing dyes bear the common structural motifs of dipolar, push--pull systems (D--A), quadrupolar (D--π--D, A--π--A) or octupolar systems (DA~3~, AD~3~), with the latter two being often more efficient than dipoles.[@cit49],[@cit53] While the TPA properties of many quadrupoles have been studied, only a handful of those are used for imaging, especially of the lysosome. All eight such compounds which are, to our knowledge, the only ones, are depicted in [Scheme 1](#sch1){ref-type="fig"}.

![Previously reported quadrupolar chromophores for two-photon excited fluorescence (TPEF) imaging of lysosomes.[@cit93]--[@cit98]](c9sc00793h-s1){#sch1}

In 2010, Belfield and co-workers reported[@cit93] the first quadrupolar TPEF imaging agent for lysosomes (**A**) which exhibited a very high two-photon brightness of 431 GM in toluene. The dye localized in the lysosome, was found to be non-toxic and photostable. One year later, the same group reported three other compounds, **B1**, **B2** and **C**, with *σ*~2~*Φ*~f~ of 1444, 1887 and 788 GM, respectively, in cyclohexane.[@cit94],[@cit95] In the more polar solvent THF, the two-photon brightness of **B1** decreased to 1/3 and for compound **C**, *σ*~2~*Φ*~f~ decreased to 1/9 of its original value in a "5 wt% aqueous DMSO" solution. The brightness is usually much smaller in aqueous solution, due to the reduced quantum yield. Nevertheless, the three compounds show remarkably large values, due to their large conjugation lengths, but have relatively high molecular weights. Furthermore, these compounds are not water-soluble and must be premixed with Pluronic F-127, which is a block copolymer based on ethylene oxide and propylene oxide that is used for drug delivery. It encapsulates the chromophores upon formation of micelles facilitating dye up-take by the cells. In 2015, Cho\'s group reported the water-soluble dye **D**.[@cit96] Due to its negligible fluorescence in water, they measured its TPEF properties in a dioxane-water mixture and reported a brightness of 116 GM. The fluorenone dye **E** does not show bright fluorescence in water (*Φ*~f~ = 0.07); thus, its TPEF properties were measured in toluene (*σ*~2~*Φ*~f~ = 150 GM).[@cit97] The small size of the molecule might be the reason for its more modest two-photon brightness. Compounds **F** and **G** are two pH-sensitive dyes for lysosome imaging.[@cit98] The pyridine moiety acts as a ratiometric sensor for pH changes, as the protonation of the pyridine enhances intramolecular charge transfer. The two-photon cross-section increases, while the quantum yield drops at lower pH values. Therefore, the two-photon brightness maxima occur at pH 7 for **F** (130 GM) and at pH 3 for **G** (99 GM). Unfortunately, the selectivity of the dyes in the lysosome is less than excellent, as co-localization experiments showed an overlap with LysoTracker™ at lower pH, but also distribution in the cytosol at neutral pH.

As we have shown[@cit40],[@cit99]--[@cit102] that quadrupolar compounds (A--π--A), with three-coordinate boron moieties as acceptors, exhibit large TPA cross-sections, we wished to apply them for imaging, but only a few water-soluble triarylboranes were known. Gabbaï and co-workers used trimethylammonio groups at the *para*-positions of triarylboranes to achieve water-solubility for sensing of cyanide in aqueous solution.[@cit103] They and other groups also introduced cationic phosphonio substituents onto triarylboranes for further anion sensing studies.[@cit104]--[@cit106] Yang and co-workers were the first to report water-soluble three-coordinate boron compounds for imaging purposes. They substituted a triarylborane with polyethylene glycol chains for ATP sensing in the cytoplasm and cell membrane.[@cit107] Furthermore, they could sense H~2~S with a Cu^II^-cyclen-substituted triarylborane.[@cit108] They reported cell-membrane permeability and a preferential distribution at mitochondria,[@cit108] while the same compound, without Cu^II^ binding, was used one year later to stain nucleoli and cytoplasm.[@cit109] However, a two-photon brightness of only 30 GM in DMSO was measured for this compound. Two other triarylboranes with piperazine in the *para*-position were recently reported. They are water-soluble to some degree and were found to stain nucleoli as well as the nuclear membrane, nuclear matrix, nuclear pore and the cytoplasm, while binding to RNA.[@cit110] Further three-coordinate boron containing dyes were used for imaging, although they were not water-soluble.[@cit111]--[@cit115] By loading them into nanogels, they became cell membrane permeable, stained the cytoplasm and could be applied as temperature, viscosity, pH, H~2~O~2~ and biothiol sensors.[@cit111]--[@cit115] Another intracellular "turn-on"-sensor for thiophenol, based on a triarylborane moiety, was very recently published by Thilagar and co-workers.[@cit116] In 2016, our group reported the only water-soluble quadrupolar three-coordinate boron compound for imaging (**2TM**), which exhibited a very reasonable two-photon brightness of 285 GM in MeCN ([Scheme 2](#sch2){ref-type="fig"}).[@cit117]

![Previously reported quadrupolar chromophore for TPEF imaging **2TM** and quadrupolar target molecules **1M--5M** for cell imaging.](c9sc00793h-s2){#sch2}

With our very promising initial results with **2TM**, we thus decided to optimize our imaging dye. Tuning the emission colour, enhancing the quantum yield, TPA cross-section and photostability, maintaining low cyto-toxicity, determining co-localization as well as examining the cellular uptake pathway were our main goals. For this purpose, we designed the new dyes **1M--5M** shown in [Scheme 2](#sch2){ref-type="fig"}, all of which contain trimethylammonio groups for water-solubility.[@cit103] Due to the inductive withdrawing character of the ammonium cations, these triarylborane moieties are much stronger acceptors than the normally used aryldimesitylborane. In the present study, we explored the role of the π-bridge in our A--π--A system, employing 4,4′-biphenyl, 2,7-pyrenyl, 2,7-fluorenyl, 3,6-carbazolyl and 5,5′-di(thien-2-yl)-3,6-diketopyrrolopyrrolyl bridges. We thus introduced more rigid π-bridges, to compare with the biphenyl compound **1M**, to achieve more planar ground state structures, resulting in a better delocalized π-system and therefore enhanced TPA/TPEF properties. Furthermore, enhanced donor character was introduced into the π-bridge *via* the carbazole, while incorporation of the dithienyl-diketopyrrolopyrrole moiety leads to an A--D--A--D--A-type chromophore, allowing enhanced intramolecular charge transfers. The diketopyrrolopyrrole moiety is known for its high photostability and TPA cross-section,[@cit118],[@cit119] *e.g.* when connected to two porphyrin groups (up to 4000 GM\@910 nm in CH~2~Cl~2~).[@cit120],[@cit121]

In order to synthesize the desired water-soluble tetra-ammonio chromophores **1M--5M** it was necessary to prepare their neutral tetra-amino precursors **1--5**. Compounds **1--5**, containing four strong π-donor Me~2~N groups conjugated with the boron acceptor moieties, exhibit entirely different photophysical properties than those of their tetra-methylated derivatives. As the neutral compounds **1--5** are fundamentally interesting in their own right, we first describe their behaviour before that of the tetracationic chromophores of interest for imaging purposes.

Results and discussion
======================

Synthesis
---------

The synthesis of the neutral compounds **1--5** was achieved *via* Suzuki--Miyaura coupling of the different dibrominated π-bridges with our borylated triarylborane **6**[@cit117] using Pd~2~(dba)~3~ as the catalyst, SPhos as the ligand and KOH as the base ([Scheme 3](#sch3){ref-type="fig"}). The neutral compounds were methylated with MeOTf in dichloromethane and the products **1M--3M** precipitated in almost quantitative yields. The methylation needs to be carried out in basic glassware, such as soda-lime glass, as otherwise the reaction does not go to completion, and the product is contaminated with the compound in which only three of the amine groups are methylated. When using the two *Boc*-protected bridges, carbazole **4** and dithienyl-diketopyrrolopyrrole **5**, the reaction time needs to be carefully controlled, as too short a reaction time leads to incomplete methylation, whereas too long a reaction time results in deprotection and subsequent methylation of the amine in the bridge. The latter two *Boc*-protected tetracationic compounds were subsequently deprotected with triflic acid to yield the final compounds **4M** and **5M**.

![Synthesis of compounds **1M--5M**. (a) \[Pd~2~(dba)~3~\] (dba = *trans*,*trans*-dibenzylideneacetone), 2-dicyclohexylphosphino-2′,6′-dimethoxybiphenyl (SPhos), KOH, toluene, H~2~O, 85 °C; (b) MeOTf, CH~2~Cl~2~; (c) TfOH, MeOH.](c9sc00793h-s3){#sch3}

Linear optical properties and TD-DFT calculations of the neutral precursors **1--5**
------------------------------------------------------------------------------------

The neutral chromophores behave in a very similar manner, with the exception of compound **5**. The absorption spectra of **1--4** ([Fig. 1](#fig1){ref-type="fig"} and S1,[‡](#fn2){ref-type="fn"} [Table 1](#tab1){ref-type="table"}) show a low energy band corresponding to charge transfer from the *N*,*N*-dimethylaminoxylyl donor to the π-bridge and boron acceptor, as confirmed by TD-DFT calculations, *vide infra*. As compounds **1--4** are so similar, we discuss compound **1** in detail as an example. Thus, for the biphenyl compound **1**, the above described absorption band occurs at 392 nm (calculated at 354 nm) resulting from the coincidental overlap of the weak S~1~ ← S~0~ and stronger S~2~ ← S~0~ transitions ([Table 2](#tab2){ref-type="table"}). The HOMO--1 and HOMO are nearly degenerate, and both orbitals are localized at the *N*,*N*-dimethylaminoxylyl groups, while the LUMO and LUMO+1 are located at the π-bridge and the boron atoms ([Fig. 2](#fig2){ref-type="fig"}). The higher energy absorption bands have charge-transfer character, but with increasing energy the π--π\* character at the π-bridge becomes increasingly dominant. The S~3~ ← S~0~ and S~5~ ← S~0~ transitions at 372 and 328 nm, respectively, were calculated to be at 335 and 296 nm, with contributions of HOMO--4 of 11 and 55%, respectively ([Table 2](#tab2){ref-type="table"}). HOMO--4 is delocalized over the whole π-bridge ([Fig. 2](#fig2){ref-type="fig"}). Very similar results were calculated for compounds **2--4**. All compounds show different high energy absorption bands, as the π--π\* contributions of the π-bridges become more and more important. For example, compound **2** shows one additional absorption band at 342 nm, which is calculated to arise from the S~6~ ← S~0~ transition from HOMO--6 to LUMO, and is a classic pyrene π--π\* transition, with the typical nodal plane through the 2,7-positions (Fig. S3[‡](#fn2){ref-type="fn"}).[@cit35],[@cit36],[@cit122],[@cit123] The dithienyl-diketopyrrolopyrrole dye **5** is an exception, as the HOMO is located at the π-bridge ([Fig. 2](#fig2){ref-type="fig"}). Therefore, the S~1~ ← S~0~ transition is a locally excited (LE) HOMO to LUMO transition at the π-bridge, while higher energy transitions show the same charge transfer character as noted above for **1--4** ([Table 2](#tab2){ref-type="table"}). For **5**, the HOMO--1 and HOMO--2 are nearly degenerate and are each localized at two *N*,*N*-dimethylaminoxylyl groups. Note that the TD-DFT calculations were carried out for the geometry optimized (lowest energy) structure and not for the highest possible symmetry (*C*~i~) of these molecules. Therefore, the corresponding S~2~ ← S~0~ and S~4~ ← S~0~ transitions are isoenergetic and exhibit charge transfer character from the nitrogens to the boron atom.

![Absorption and emission spectra (top) and pictures of the solutions under UV irradiation (bottom) of **1** (left) and **5** (right) in various solvents (hexane: black, toluene: blue, diethylether: red, dichloromethane: green, MeCN: orange).](c9sc00793h-f1){#fig1}

###### Photophysical data of the compounds **1** and **5** in various solvents

            solvent   *λ* ~abs~/nm   *ε*/M^--1^ cm^--1^   *λ* ~em~/nm   Stokes shift/cm^--1^   *Φ* ~f~   *τ*/ns   *k* ~r~/10^8^ s^--1^   k~nr~/10^8^ s^--1^
  --------- --------- -------------- -------------------- ------------- ---------------------- --------- -------- ---------------------- --------------------
  **1**     Hexane    372            69 000               442           4300                   0.14      1.5      0.9                    5.8
  Toluene   376                      493                  6300          0.20                   3.4       0.6      2.3                    
  Et~2~O    369                      511                  7500          0.24                   5.9       0.4      1.3                    
  DCM       373                      556                  8800          0.30                   8.8       0.3      0.8                    
  MeCN      371                      603                  10 400        0.08                   2.5       0.3      3.7                    
  **5**     Hexane    557            59 000               622           1900                   0.57      2.4      2.4                    1.8
  Toluene   566                      635                  1900          0.55                   2.3       2.4      1.9                    
  Et~2~O    558                      624                  1900          0.40                   2.0       2.0      3.0                    
  DCM       568                      635                  1900          0.004                  2.3       0.02     4.3                    

###### TD-DFT-calculated photophysical data for **1** and **5** at the CAM-B3LYP/6-31G(d) level in hexane[^*a*^](#tab2fna){ref-type="fn"}

                        Transition (*f*)      *E*/eV[^*b*^](#tab2fnb){ref-type="table-fn"}   *λ*/nm[^*b*^](#tab2fnb){ref-type="table-fn"}                                                   Dominant components[^*c*^](#tab2fnc){ref-type="table-fn"}
  --------------------- --------------------- ---------------------------------------------- ---------------------------------------------------------------------------------------------- -----------------------------------------------------------
  **1**                 S~1~ ← S~0~ (0.054)   3.50 (3.16)                                    354 (392)                                                                                      LUMO+1 ← HOMO--1 (44%), LUMO ← HOMO (38%)
  S~2~ ← S~0~ (0.736)   3.50 (3.16)           354 (392)                                      LUMO ← HOMO--1 (38%), LUMO+1 ← HOMO (44%)                                                      
  S~3~ ← S~0~ (1.496)   3.70 (3.33)           335 (372)                                      LUMO ← HOMO--4 (11%), LUMO+1 ← HOMO--3 (29%), LUMO ← HOMO--2 (37%)                             
  S~5~ ← S~0~ (0.778)   4.19 (3.78)           296 (328)                                      LUMO ← HOMO--4 (55%), LUMO+1 ← HOMO--3 (15%)                                                   
  **5**                 S~1~ ← S~0~ (1.739)   2.31 (2.23)                                    537 (554)                                                                                      LUMO ← HOMO (94%)
  S~2~ ← S~0~ (0.294)   3.35 (3.20)           370 (388)                                      LUMO ← HOMO--2 (33%), LUMO+1 ← HOMO--2 (20%), LUMO+2 ← HOMO--2 (27%), LUMO+3 ← HOMO--2 (10%)   
  S~4~ ← S~0~ (0.260)   3.38 (3.20)           367 (388)                                      LUMO ← HOMO--1 (28%), LUMO+1 ← HOMO--1 (24%), LUMO+2 ← HOMO--1 (26%), LUMO+3 ← HOMO--1 (13%)   

^*a*^Transitions with modest to high oscillator strength *f* are displayed in this table. Others are shown in the ESI.

^*b*^Values in parentheses are experimental absorption maxima in hexane.

^*c*^Components with greater than 10% contribution shown. Percentage contribution approximated by 2 × (*c*~i~)^2^ × 100%, where *c*~i~ is the coefficient for the particular 'orbital rotation'.

![DFT (CAM-B3LYP/6-31G(d))-calculated relevant orbitals for **1** and **5**. Hydrogen atoms are omitted for clarity. Surface isovalue: ± 0.03 \[*ea*~0~^--3^\]^1/2^. Orbital energy differences are not direct approximations of excitation energies. They are provided here for comparison between the compounds.](c9sc00793h-f2){#fig2}

As the lowest energy absorption bands of **1--4** have charge-transfer character, their emission spectra display strong solvatochromism. Upon going from nonpolar hexane (*λ*~em,max~ = 442 nm) to polar MeCN (*λ*~em,max~ = 603 nm), the emission maximum of **1** is bathochromically shifted by 6040 cm^--1^, which results in an increase of the Stokes shift by 6100 cm^--1^, *i.e.*, from 4300 to 10 400 cm^--1^ ([Fig. 1](#fig1){ref-type="fig"} and [Table 1](#tab1){ref-type="table"}). This positive solvatochromism with increasing solvent polarity results from a large dipole moment in the excited state. As the lowest energy absorption band results from *N*,*N*-dimethylaminoxylyl-to-boron charge transfer for **1--4**, which all of those compounds have in common, the emission spectra are identical regardless of the nature of the π-bridge. The emission band of **4** is slightly blue-shifted, as the LUMO is a little higher in energy (∼0.15 eV) than for **1--3**. The LUMO of compound **4** is more localized at the boron than the bridge, because the carbazole bridge also acts as a donor. The fluorescence quantum yields and lifetimes are essentially the same for **1--4** ([Table 1](#tab1){ref-type="table"} and S1[‡](#fn2){ref-type="fn"}). Interestingly, they do not follow the expected dependence on solvent polarity. Thus, with increasing solvent polarity, the excited state is more stabilized as shown by the bathochromic shift of the emission maximum. As Δ*G*^00^ decreases, following the energy gap law,[@cit124] it is expected that the nonradiative decay constant *k*~nr~ should increase and therefore the quantum yield should decrease. Our compounds **1--4** show the opposite behaviour. With increasing solvent polarity, the nonradiative decay constant decreases and the quantum yield is enhanced. Also, the experimentally determined fluorescence lifetimes increase with increasing solvent polarity, while the radiative decay constants *k*~r~ decrease with decreasing emission energy in qualitative accordance with the Strickler--Berg equation.[@cit125] This formula predicts a proportionality of the radiative decay constant *k*~r~ with the cube of the fluorescence wavenumber *ṽ*~f~^3^. Furthermore, in MeCN, compounds **1--4** do not follow the aforementioned trend. In this solvent, the quantum yields are smaller, and the fluorescence lifetimes shorter compared with DCM solutions. This behaviour was observed previously for nitrogen donor -- boron acceptor compounds[@cit43],[@cit126]--[@cit128] and has its origin in symmetry breaking in the excited state. The symmetry breaking is more enhanced in polar solvents than nonpolar solvents, leading to the unusual solvent behaviour seen above.[@cit129] The dithienyl-diketopyrrolopyrrole dye **5** is again an exception. As the low-energy absorption is an LE transition, this compound shows no solvatochromism in the solvents examined. In all solvents it emits pink light (∼630 nm), and the quantum yield is *ca.* 0.55, but drops significantly in DCM, as the non-radiative decay rate rises.

Linear optical properties and TD-DFT calculations of the tetracationic chromophores **1M--5M**
----------------------------------------------------------------------------------------------

Upon methylation of the neutral precursors **1--5**, and subsequent deprotection of **4** and **5**, the charge transfer from the amine to the boron moiety is no longer present, so the linear optical properties of the chromophores **1M--5M** are completely different from those of **1--5**. [Fig. 3](#fig3){ref-type="fig"} shows the absorption spectra of **1M--5M** in water. Due to solubility issues, compound **2M** was dissolved in 10% MeCN in water. The various absorption bands are attributed to the π--π\* transitions of the individual π-bridges. TD-DFT calculations show that the computed low-energy absorption bands at 338, 351, 335, 346 and 544 nm, respectively, for **1M--5M** (experimentally: 363, 375, 361, 376 and 594 nm, respectively) are located on the π-bridge ([Table 4](#tab4){ref-type="table"} and [Fig. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}). For the biphenyl (**1M**) and fluorene (**3M**) compounds, this is an S~1~ ← S~0~ transition, with LUMO+1 ← HOMO--1 and LUMO ← HOMO contributions, where the HOMO and HOMO--1 are located at the π-bridge and the LUMO and LUMO+1 are mostly localized at the boron atoms ([Table 4](#tab4){ref-type="table"} and [Fig. 4](#fig4){ref-type="fig"}). Pyrene derivative **2M** has the same behaviour, but the transition is S~2~ ← S~0~ with the main contributions being LUMO+1 ← HOMO--2 and LUMO ← HOMO--1. As the HOMO is located only at the pyrene, and has a nodal plane through the substituted 2,7-positions, it does not take part in the first allowed, low energy, transition. The LUMO+2 ← HOMO transition is the S~4~ ← S~0~ absorption, which is a higher energy absorption band of **2M** at 316 nm (experimentally: 342 nm) (Table S10[‡](#fn2){ref-type="fn"} and [Fig. 4](#fig4){ref-type="fig"}). In the case of the carbazole-bridged derivative **4M**, the calculations indicate that the S~1~ ← S~0~ absorption has LUMO ← HOMO--5 (11%), LUMO+1 ← HOMO--2 (12%), LUMO+1 ← HOMO--1 (16%) and LUMO ← HOMO (48%) contributions. For **1M--4M**, the HOMOs which contribute are located at the π-bridges and LUMO and LUMO+1 are mainly localized at the boron atom. The S~1~ ← S~0~ transition of the dithienyl-diketopyrrolopyrrole dye **5M** is a simple LUMO ← HOMO LE transition localized at the π-bridge, with a small contribution from the borons. Due to the strong acceptor strength of the boron moiety, which lowers the energies of the virtual orbitals, the low-energy absorption maxima are red-shifted by up to 4334 cm^--1^ compared with those of the analogous compounds **1A--5A** ([Scheme 4](#sch4){ref-type="fig"}). Compounds **1A--4A** were previously reported,[@cit122],[@cit130]--[@cit132] whereas compound **5A** was synthesized as part of the present study.

![Absorption (top, left) and emission spectra (top, right) of **1M--5M** in water. Compound **2M** was dissolved in 10% MeCN in water. Absorption and emission spectra of **1M** in various solvents (EtOH: black, MeCN: blue, H~2~O: red) (bottom, left) and picture of the solutions of **1M--5M** in MeCN under UV irradiation.](c9sc00793h-f3){#fig3}

![DFT (CAM-B3LYP/6-31G(d))-calculated relevant orbitals for **1M--4M**. Hydrogen atoms are omitted for clarity. Surface isovalue: ± 0.03 \[*ea*~0~^--3^\]^1/2^.](c9sc00793h-f4){#fig4}

![DFT (CAM-B3LYP/6-31G(d))-calculated frontier orbitals for **5M**. Hydrogen atoms are omitted for clarity. Surface isovalue: ± 0.03 \[*ea*~0~^--3^\]^1/2^.](c9sc00793h-f5){#fig5}

![Non-boron containing analogues; **1A** was measured in acetone,[@cit130]**2A** in toluene,[@cit122]**3A** in ethyl acetate,[@cit132]**4A** in MeCN[@cit131] and **5A** in DMSO.](c9sc00793h-s4){#sch4}

As the nature of the transitions vary somewhat for the various π-bridges, the emission colour can be tuned from blue to pink ([Fig. 3](#fig3){ref-type="fig"}). The emission maxima shift from 467 nm (**2M**) to 620 nm (**5M**) and follow the trend of the HOMO energy, as the LUMO energy stays nearly constant and is mainly boron centred (except for **5M**). Furthermore, for compound **2M** the HOMO--1 needs to be considered, as the HOMO is only localized on the pyrene and is not involved in the strongest low-energy S~2~ ← S~0~ excitation (S~1~ ← S~0~ has an oscillator strength near zero). The higher the HOMO energy, the more bathochromically shifted the emission band. Our variety of π-bridged water-soluble, quadrupolar three-coordinate boron chromophores thus provides a wide colour range spanning most of the visible spectrum. Furthermore, the compounds are not solvatochromic, as shown in [Fig. 3](#fig3){ref-type="fig"} for **1M** as an example. This proves that the transitions do not involve a significant change in dipole moment.[§](#fn3){ref-type="fn"} [^3] The only observed effect is a broadening of the emission spectra in more polar solvents. Using Jortner\'s theory,[@cit133] the full width at half maximum of the bell-shaped curve of a transition depends on the reciprocal value of the reorganization energy of the solvent, so the broadening of the emission bands in more polar solvents is expected. The strong π-acceptor boron moieties also shift the emission maxima compared to those of the non-boron analogues **1A--5A** ([Scheme 4](#sch4){ref-type="fig"}) between 509 and 8916 cm^--1^, depending on the contribution of the boron atoms.

The fluorescence quantum yields and lifetimes were measured in aqueous solution ([Table 3](#tab3){ref-type="table"}). As the fluorescence of the carbazole compound **4M** is very weak in aqueous solution, the lifetime could not be determined. For all other compounds **1M--3M** and **5M** the radiative and non-radiative decay constants were calculated and the radiative decay constants are very similar for all compounds, except for **2M**. This may be due to the use of 10% MeCN to improve solubility. The variation in the quantum yields is thus due to differences in the non-radiative decay rates. Apart from **4M**, all compounds show remarkably high fluorescence quantum yields in aqueous solution, especially compound **1M**. In other solvents such as EtOH or MeCN, the fluorescence quantum yields increase, as the non-radiative decay rates decrease or the radiative decay rates increase for all compounds.

###### One- and two-photon photophysical data of compounds **1M--5M** in various solvents

                                                Solvent   *λ* ~abs~/nm   *ε*/M^--1^ cm^--1^   *λ* ~em~/nm   Stokes shift/cm^--1^   *Φ* ~f~                                     *τ*/ns   *k* ~r~/10^8^ s^--1^   k~nr~/10^8^ s^--1^   *λ* ~TPA,max~/nm   *σ* ~2~/GM
  --------------------------------------------- --------- -------------- -------------------- ------------- ---------------------- ------------------------------------------- -------- ---------------------- -------------------- ------------------ ------------
  **1M**                                        EtOH      373                                 470           5500                   0.71                                        4.9      1.4                    0.6                                     
  MeCN                                          368       57 000         478                  6300          0.73                   5.2                                         1.4      0.5                    720                  72                 
  H~2~O                                         364                      486                  6900          0.58                   6.6                                         0.9      0.6                                                            
  **2M**                                        EtOH      371                                 465           5400                   0.20                                        14.3     0.1                    0.6                                     
  MeCN                                          368       61 000         462                  5500          0.12                   12.6                                        0.1      0.7                    750                  79                 
  H~2~O[^*a*^](#tab3fna){ref-type="table-fn"}   365                      467                  6000          0.12                   19.5                                        0.1      0.4                                                            
  **3M**                                        EtOH      389                                 492           5400                   0.71                                        5.0      1.4                    0.6                                     
  MeCN                                          383       62 000         501                  6100          0.61                   5.3                                         1.2      0.7                    730                  162                
  H~2~O                                         375                      513                  7200          0.33                   3.7                                         0.9      1.8                                                            
  **4M**                                        EtOH      397                                 565           7500                   0.45                                        7.4      0.6                    0.7                                     
  MeCN                                          385       33 000         568                  8400          0.38                   7.9                                         0.5      0.8                    760                  134                
  H~2~O                                         376                      568                  9000          0.03                   ---[^*b*^](#tab3fnb){ref-type="table-fn"}   ---      ---                                                            
  **5M**                                        EtOH      599                                 624           6700                   0.40                                        2.2      1.8                    2.7                                     
  MeCN                                          593       50 000         617                  6600          0.56                   2.9                                         1.9      1.5                    740                  4560               
  H~2~O                                         594                      620                  7100          0.13                   1.1                                         1.2      7.9                                                            

^*a*^Measured in 10% MeCN in water.

^*b*^not measurable.

Two-photon absorption
---------------------

We measured the two-photon absorption spectra of **1M--5M** in MeCN, as the polarity within cells is more similar to MeCN than to water,[@cit134],[@cit135] using the two-photon excited fluorescence technique. Following the electronic selection rules for centrosymmetric molecules (*C*~i~ symmetry), **1M**, **2M** and **5M**, the TPA maximum does not occur at the one-photon absorption maximum, as the S~1~ ← S~0~ transition (A~u~ ← A~g~ symmetry) is symmetry forbidden for two-photon absorption, but is located at higher energy where TPA allowed transitions of A~g~ ← A~g~ symmetry occur (S~2~ ← S~0~ transition for **1M** and **5M** and S~3~ ← S~0~ transition for **2M**). The other two molecules **3M** and **4M** have *C*~2v~ as their highest possible symmetry, thus lacking an inversion centre, which is why all transitions are one- and two-photon allowed. Therefore, we applied *C*~i~ symmetry for **1M**, **2M** and **5M** and performed TD-DFT calculations ([Table 4](#tab4){ref-type="table"}, red), to obtain more insight into which transitions are one- and or two-photon allowed. In [Fig. 6](#fig6){ref-type="fig"}, in which the TPA and rescaled one-photon absorption (OPA) are compared, for **1M** we observed a TPA maximum at 720 nm, corresponding to S~2~ ← S~0~ which has A~g~ symmetry, and therefore is two-photon allowed but one-photon forbidden. The first excited state is, however, slightly TPA allowed as indicated by the shoulder, because of vibrational coupling of the A~u~ state with an a~u~ vibrational mode, which makes the overall wavefunction gerade.[@cit136],[@cit137] From calculations on **2M** in *C*~i~ symmetry, we can assign the two-photon allowed transition to the S~3~ ← S~0~ transition (A~g~ ← A~g~ symmetry). However, the experimental spectrum shows a TPA maximum at 750 nm, which is at the energy of the S~1~ ← S~0~ transition. This transition has a very small oscillator strength (*f* = 0.005) and is therefore not observable in the OPA spectrum, although the first excited state is ungerade. It might be TPA allowed because of vibrational coupling of the 1A~u~ and/or 2A~u~ state with an a~u~ vibrational mode, as the energy difference between S~1~ and S~3~ is only 1936 cm^--1^.[@cit136],[@cit137] Compound **5M** shows a TPA maximum at 740 nm, which correlates with the second excited state. This state is gerade and therefore the transition should be only TPA allowed. Excitation to the ungerade first excited state is forbidden for the two photon process, and is therefore only observed in the OPA spectrum at 600 nm. Vibrational coupling in this molecule is very unlikely as the first and second excited states are separated by 8308 cm^--1^.[@cit136],[@cit137] The two other molecules **3M** and **4M** have no inversion centres; therefore, all transitions are both OPA and TPA allowed. However, the transitions have different oscillator strengths. For compound **3M** the TPA maximum at 730 nm corresponds to the S~2~ state, which has a higher oscillator strength for TPA than OPA. The S~1~ state has a lower oscillator strength for TPA and is indicated by the shoulder. For compound **4M** the TPA maximum at 760 nm corresponds to the S~2~ state, but the transition to the first excited state is also highly allowed. Therefore, the two-photon cross-sections for both transitions are not very different, while the one-photon cross-sections are. In the following discussion, we use the geometry-optimized structures to explain the magnitudes of the TPA cross-sections. As expected, the biphenyl compound **1M** has the smallest TPA cross-section, being 72 GM, as this compound is the most twisted in its ground state structure ([Fig. 7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}). The twist angles between the xylylene and phenylene rings are *ca.* 37° and the angle between the two phenyl rings of the flexible biphenyl bridge is also 37° (Table S13[‡](#fn2){ref-type="fn"}). Conjugation within the π-system in **1M** is less efficient due to the rotational degree of freedom around the central C--C bond and, therefore, the TPA cross-section is reduced. With increasing planarity in **2M--4M**, in which two phenyl rings are rigidified by incorporation into the pyrene, fluorene or carbazole moieties, the two-photon cross-sections are increased to 79, 162, and 134 GM, respectively. The ground state structures show that the angles between the xylylene group and the π-bridge are again *ca.* 37° for the three compounds, while the two "phenylene" rings have no twist at all, as they are constrained. To explain the rather different results for the three compounds, we must discuss the different ways, beside co-planarity, to improve the two-photon absorption cross-section. It was shown that increasing the length or efficiency of a conjugated system leads to an enhanced two-photon absorption cross-section.[@cit49]--[@cit53] Therefore, compound **4M** should have the smallest value, as the xylylene groups are linked *via* the 3,6-positions rather than the 2,7-positions of the π-bridge, which leads to a less efficient conjugation. Furthermore, increasing intramolecular charge transfer enhances the two-photon absorption cross-section.[@cit49]--[@cit53] It is known that A--π--D--π--A systems are more efficient than A--π--A systems.[@cit49]--[@cit53] The donor-strength of the π-bridge can be correlated with the HOMO energy, which rises from pyrene (--7.19 eV (HOMO--1)) to fluorene (--6.90 eV) to carbazole (--6.75 eV). In the case of pyrene, the HOMO--1 must be considered as the HOMO has a nodal plane at the 2,7-positions. Therefore, the two-photon cross-section should be enhanced from pyrene **2M**, to fluorene **3M** to carbazole **4M**. The latter one **4M**, however, has a shorter conjugation length than **3M**, and the effect of the reduced conjugation (*vide supra*) lowers the TPA cross-section. The dithienyl-diketopyrrolopyrrole compound **5M** has by far the highest two-photon absorption value, being 4560 GM. Its conjugated π-system is elongated, and the calculated ground state structure is almost planar.[@cit118] The angles between the xylylene and the thiophene groups are 15°, and thus much smaller than in the other compounds, and the twist between the thiophenes and the diketopyrrolopyrrole is only 2--4°. Furthermore, the two-photon brightness shows the same trend, with the exception that compound **1M** has a higher value than **2M** and **4M**, due to its much higher fluorescence quantum yield ([Fig. 7](#fig7){ref-type="fig"}). Overall, the two-photon brightness of **5M** is exceptionally high, being 2545 GM in MeCN. Furthermore, we compared the two-photon absorption of **5M** with its boron-free analogue **5A**. While the linear optical properties (absorption and emission) of **5M** were only slightly red-shifted compared to those of **5A**, the TPA data are quite different. The two-photon absorption cross-section of **5M** is *ca.* 8.7 times higher than that of its analogue **5A** in DMSO solution (Fig. S4[‡](#fn2){ref-type="fn"}). These data show that our boron-based acceptor moiety strongly enhances the TPA properties.

###### TD-DFT-calculated photophysical data for **1M--5M** at the CAM-B3LYP/6-31G(d) level in water[^*a*^](#tab4fna){ref-type="fn"}

  -------------------------------
  ![](c9sc00793h-u1.jpg){#ugr1}
  -------------------------------

^*a*^Black: without symmetry constraints, red: in *C*~i~ symmetry.

^*b*^Components with greater than 10% contribution shown. Percentage contribution approximated by 2 × (*c*~i~)^2^ × 100%, where *c*~i~ is the coefficient for the particular 'orbital rotation'.

![One-photon absorption (blue) and two-photon absorption spectra (red) of **1M** (first row, left), **2M** (first row, right), **3M** (second row, left), **4M** (second row, right) and **5M** (third row, left) in MeCN.](c9sc00793h-f6){#fig6}

![Two-photon absorption spectra (left) and two-photon brightness (*σ*~2~*Φ*~f~) (right) of **1M--5M** in MeCN.](c9sc00793h-f7){#fig7}

![Side view of the geometries of the DFT-optimized S~0~ states of **1M--5M** at the B3LYP/6-31G(d) level of theory. Atom colour code: carbon (grey), boron (pink), sulphur (yellow), nitrogen (blue), oxygen (red). Hydrogen atoms are omitted for clarity.](c9sc00793h-f8){#fig8}

Imaging
-------

As none of the neutral compounds **1--5** are soluble in Dulbecco\'s Modified Eagle Medium (DMEM), they formed nanoparticles in that medium and were not taken up by HeLa or HepG2 cells (Fig. S6[‡](#fn2){ref-type="fn"}). In addition, pre-mixing of chromophores **1--5** with Pluronic F-127 was not successful. The compounds did dissolve in that medium, yet no cellular uptake was observable (Fig. S7[‡](#fn2){ref-type="fn"}).

Thus, the methylated species **1M--5M**, designed to be water-soluble, were used for cell imaging. We treated HeLa cells with 500 nM concentrations of all 5 compounds. Visualization with a confocal laser scanning fluorescence microscope showed cellular uptake for **1M--5M** ([Fig. 9](#fig9){ref-type="fig"} and S8--S11[‡](#fn2){ref-type="fn"}). Co-staining experiments with commercially available LysoTrackers™ confirmed their localization in acidic intracellular compartments such as endosomes and lysosomes. The Pearson values (*R*~r~), indicative of the degree of co-localization, were all higher than 0.73, while for **4M** and **5M** values of 0.83 and 0.81, respectively, were reached. Furthermore, cell viability experiments were performed to investigate the potential of chromophores **1M--5M** for live-cell imaging. HeLa cells were treated with serial dilutions of **1M--5M** and the cell metabolic activity was studied using a colourimetric (MTT) assay (Fig. S13[‡](#fn2){ref-type="fn"}). These confirmed that compounds **1M--5M** did not influence the cell viability at concentrations as high as 5 μM after 24 h incubation time, and some of them were non-toxic to cells even at higher concentrations (10 μM). As the dithienyl-diketopyrrolopyrrole dye **5M** has the most red-shifted absorption and emission bands and, by far, the highest TPA cross-section and brightness, we focused on this compound for further imaging experiments.

![Co-staining experiment of HeLa cells with **5M** and LysoTracker™ Green. The cells were loaded with **5M** (500 nM, 2 h) and LysoTracker™ Green (100 nM, 20 min) under 5% CO~2~ at 37 °C. Fluorescence images of **5M** (top, left, *λ*~ex~ = 559 nm; *λ*~em~ = 570--670 nm) and LysoTracker™ Green (top, right, *λ*~ex~ = 473 nm; *λ*~em~ = 490--540 nm). The merged image of the bright field image and both fluorescence images (bottom, left), and the correlation plot of the intensities (bottom, right, *R*~r~ = 0.81), show co-localization of the dye **5M** in the lysosomes. Scale bar: 20 μM.](c9sc00793h-f9){#fig9}

The process by which cell internalization of our dye **5M** takes place was observed *via* time-lapse confocal microscopy for 2 h ([Fig. 10](#fig10){ref-type="fig"}). The cultured medium of HeLa cells was replaced with the dye-containing DMEM and images were recorded every 10 min without any washing process. The dye first attaches to the cell membrane and, after 50 min, small bright spots in the intracellular region are observed. With further incubation time, additional chromophore enters the cell and the signal-to-noise ratio improves as the residual dye in the medium is consumed. Furthermore, HeLa cells were stained at 4 °C or at 37 °C with the presence of 0.1% NaN~3~ (Fig. S12[‡](#fn2){ref-type="fn"}); both sets of conditions inhibit endocytosis. Both experiments showed much lower fluorescence intensity in comparison with the control experiment, therefore suggesting endocytosis as the mechanism by which **5M** enters cells.

![Confocal microscope images of HeLa cells at 37 °C with **5M** (500 nM). Merged bright field image with fluorescence image (*λ*~ex~ = 559 nm; *λ*~em~ = 570--670 nm) between 10 min and 120 min after staining. Scale bar: 20 μm.](c9sc00793h-f10){#fig10}

The photostability of our dye **5M** was tested by repetitive imaging of HeLa cells after staining. Over 95% of the initial fluorescence intensity of **5M** was retained after irradiation with an excitation laser at 561 nm for 50 images. When using the commercially available LysoTracker™ Red under the same imaging conditions, the emission intensity decreased by 45% ([Fig. 11](#fig11){ref-type="fig"}). This result revealed the outstanding photostability of **5M**, which is highly desired for time-lapse imaging of live cells.

![Comparison of the repeated fluorescence images of HeLa cells stained with (a) **5M** and (b) LysoTracker™ Red under irradiation with a confocal laser at 561 nm (WLL, output power 70%, AOTF 2%). Each number indicates the number of recorded confocal images. The rectangle (bottom, left in each picture) is the cutout of the image at *n* = 1. Scale bar: 2 μm. (c) Plots of integrated fluorescence intensities (*I*) relative to the initial value (*I*~0~) as a function of the number of recorded images.](c9sc00793h-f11){#fig11}

As chromophore **5M** has an outstanding two-photon brightness of 2545 GM (at 740 nm) and showed good imaging and cell viability properties, we also tested **5M** as a two-photon excited fluorescence dye to stain HeLa cells. The two-photon imaging experiments were performed at 500 nM concentration. As clearly shown in [Fig. 12](#fig12){ref-type="fig"}, dye **5M** stained the cell at the lysosomes and is a very effective two-photon imaging agent.

![(a) Two-photon excited fluorescence and (b) bright field images of HeLa cells stained with **5M** (500 nM). The TPEF image was recorded under excitation at 720 nm (AOTF 38%) using an HyD detector with a bandpass filter 650/50 and an HC Fluotar L 25×0.95 W VISIR objective. Scale bar: 20 μm.](c9sc00793h-f12){#fig12}

Conclusion
==========

We have synthesized a series of quadrupolar A--π--A chromophores with five different π-bridges, namely biphenyl, pyrene, fluorene, carbazole and dithienyl-diketopyrrolopyrrole all containing triarylborane π-acceptor groups functionalized to enhance water solubility. While the neutral precursor molecules **1--5** are not water-soluble and are not taken up by the cells, they show interesting photophysical properties. Except for compound **5**, the neutral dyes are highly solvatochromic as the excited state results from charge transfer from the nitrogens to the boron atoms. As the *N*,*N*-dimethylaminoxylyl group is present in all of the neutral chromophores, the photophysical properties of those compounds are very similar. After methylation of the four nitrogen atoms, this charge transfer is no longer possible and, therefore, the tetracationic compounds **1M--5M** display completely different optical properties. The emission of the different cationic compounds covers nearly the entire visible spectrum depending on the selected π-bridge. The colour can be tuned from blue to pink over a range of 5300 cm^--1^, while the emission spectra of compounds themselves are not solvatochromic. The TPA cross-sections correlate with the planarity of the π-bridge, thus, the more planar the π-bridge, the higher the two-photon absorption cross-section. The two-photon absorption cross-section also correlates well with the donor ability of the π-bridge and the length of the conjugated π-system. Our dithienyl-diketopyrrolopyrrole dye **5M** has the highest two-photon cross-section of 4560 GM in MeCN and due to its high fluorescence quantum yield, also exhibits a remarkable two-photon brightness of 2545 GM.

We carried out live-cell imaging with all five cationic compounds **1M--5M**. All of our cationic dyes were taken up by the HeLa cells and localize at the lysosomes. Furthermore, they do not show any effect on cell viability up to concentrations of 5 μM, which is much higher than the concentration needed for imaging purposes (500 nM). Further experiments were performed with compound **5M**, which shows the most red-shifted absorption and emission, the highest TPA cross-section, no cell toxicity up to 20 times the staining concentration, and a very good co-localization pattern (*R*~r~ = 0.81) with the lysosomes. We showed that this dye is taken up by the endocytosis pathway of the HeLa cells, that compound **5M** is far more photostable than the commercially available LysoTracker™ Red, and that it is an excellent dye for TPEF imaging. In summary, we have designed and synthesized a series of fluorescent three-coordinate boron-containing quadrupolar dyes for one- and two-photon excited fluorescence imaging of lysosomes. Incorporation of our boron acceptor groups greatly enhances the TPA cross-sections and, *via* tuning of the π-bridge, we obtained two-photon absorption cross-sections up to 4560 GM and a two-photon brightness up to 2545 GM in MeCN, which are by far the highest values reported for a lysosomal imaging dye.
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